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ABSTRACT
Plant physiological properties have a significant influence on the partitioning of radiative forcing, the spatial
and temporal variability of soil water and soil temperature dynamics, and the rate of carbon fixation. Because
of the direct impact on latent heat fluxes, these properties may also influence weather-generating processes,
such as the evolution of the atmospheric boundary layer (ABL). In this work, crop-specific physiological
characteristics, retrieved from detailed field measurements, are included in the biophysical parameterization
of the Terrestrial Systems Modeling Platform (TerrSysMP). The physiological parameters for two typical
European midlatitudinal crops (sugar beet and winter wheat) are validated using eddy covariance fluxes over
multiple years from three measurement sites located in the North Rhine–Westphalia region of Germany.
Comparison with observations and a simulation utilizing the generic crop type shows clear improvements
when using the crop-specific physiological characteristics of the plant. In particular, the increase of latent heat
fluxes in conjunction with decreased sensible heat fluxes as simulated by the two crops leads to an improved
quantification of the diurnal energy partitioning. An independent analysis carried out using estimates of gross
primary production reveals that the better agreement between observed and simulated latent heat adopting
the plant-specific physiological properties largely stems from an improved simulation of the photosynthesis
process. Finally, to evaluate the effects of the crop-specific parameterizations on the ABL dynamics, a series
of semi-idealized land–atmosphere coupled simulations is performed by hypothesizing three cropland con-
figurations. These numerical experiments reveal different heat and moisture budgets of the ABL using the
crop-specific physiological properties, which clearly impacts the evolution of the boundary layer.
1. Introduction
Vegetation constitutes a major component of the in-
terface between the land surface and atmosphere com-
partments of the terrestrial water, energy, and matter
cycle. As a dominant land cover, it exerts a major impact
on both climate (Betts et al. 1997; Douville et al. 2000)
and weather dynamics (Pielke 2001; Garcia-Carreras
et al. 2010) bymodifying the radiation,momentum,water,
CO2, and energy balance of and the fluxes between the
land surface and the atmospheric boundary layer (ABL;
Arora 2002). Land-cover change alters albedo, surface
runoff, roughness height, and as a consequence the
land surface energy partitioning (Kueppers et al. 2007;
Georgescu et al. 2009; Davin and de Noblet-Ducoudré
2010). The large-scale transformation of native lands
into agricultural production (Foley et al. 2005) has in-
creased the interest in exploring the specific role of
croplands in the estimation of the energy, water, and
carbon budgets ranging fromdaily (McPherson et al. 2004;
Haugland and Crawford 2005) to multiyear time scales
(de Noblet-Ducoudré et al. 2004; Bondeau et al. 2007).
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In Earth system modeling platforms, the vegetation is
represented as one of several possible biomes (Niu et al.
2011) or, when using subgrid mosaics, as multiple biomes
(Oleson et al. 2008). These biomes are defined by vege-
tation characteristics (e.g., aerodynamic, optical, rooting
depth, and photosynthesis properties) of individual spe-
cies or plant functional types that do have measurable
leaf physiology and carbon allocation (Bonan et al. 2002).
The physiological parameterizations associatedwith these
plant functional types have been tested at local, regional,
and continental scales using point and gridded infor-
mation of energy and carbon fluxes (Morales et al. 2005;
Friend et al. 2007; Stöckli et al. 2008; Mahecha et al. 2010;
Bonan et al. 2011), contributing significantly to the iden-
tification of land surface model deficiencies (Bonan et al.
2012). However, because of the lack of constraining plant
ecophysiological parameterizations with independentmea-
surements, the uncertainty associated with these parame-
ters remains large (Lu et al. 2013).
Several studies have examined the performances of
land surface models in simulating energy partitioning,
soil water dynamics, and carbon fluxes in field crops. For
example, Arora (2003) evaluated the performance of a
coupled land surface [Canadian Land Surface Scheme
(CLASS)] and ecosystem model against energy (net radi-
ation, latent heat, and sensible heat) and carbon fluxes
in a winter wheat field at the Oklahoma (Ponca City)
AmeriFlux site. Similarly, Kothavala et al. (2005) com-
pared the results of the CLASS model with eddy co-
variance flux data measured over four cultivated crop
types (maize, soybean, wheat, andmillet). Ingwersen et al.
(2011) assessed the accuracy of the Noah land surface
model with respect to energy flux and soil water content
measurements for a winter wheat stand. Van den Hoof
et al. (2011) validated the coupled Joint U.K. Land En-
vironment Simulator (JULES) and Simple and Universal
Crop Growth Simulator (SUCROS) model, JULES–
SUCROS, using energy fluxes (latent and sensible heat)
and gross primary production measurements at six Flux
Network (FLUXNET) sites over Europe. The value of
a detailed description of root growth and water uptake
processes in simulating the seasonal patterns of evapo-
transpiration and soil moisture in a winter wheat field has
been investigated by Gayler et al. (2013) using the
Community Land Model, version 3.5 (CLM3.5). Five
crop models with different degrees of complexity in
describing plant processes were compared to CLM3.5 by
Wöhling et al. (2013). The ensemble of models was
benchmarked against soil moisture dynamics, evapo-
transpiration, and leaf area index at two winter wheat
fields. Finally, Gayler et al. (2014) enhanced the multi-
option framework of the Noah-MP land surface model
by including an agricultural crop submodule that
dynamically simulates root growth processes. The per-
formance of the improved model was evaluated at
a winter wheat field site using eddy covariance (latent,
sensible, and ground heat) and soil moisture measure-
ments.
These studies developed strategies to overcome short-
comings of land surface models in simulating detailed
field-scale energy and carbon exchanges by introducing
additional processes (e.g., dynamic plant phenology, root
growth) and/or by improving model parameterizations
(e.g., time-variable minimum stomatal resistance). In do-
ing so, they interpreted land surface scheme performance
by lumping the variety of crop physiological parameters
into a few generic classes (e.g.,Nemani andRunning 1996;
Kucharik et al. 2000) that were mostly intended for global
and regional-scale model applications. There exists, how-
ever, a large number of field experimental studies (e.g.,
Moureaux et al. 2006; Suyker and Verma 2009; Aubinet
et al. 2009) that have documented the widely varying re-
sponses of different crops in the exchange fluxes between
the land and the atmosphere. These responses strongly
depend on crop-specific physiological characteristics such
as photosynthesis (Baldocchi 1994), effects of carbon and
nitrogen metabolisms on stomatal regulation (Schulze
et al. 1994), plant hydraulic properties (Buckley 2005),
transpiration control (Franks et al. 2007), phenology, and
growth (Hay and Porter 2006).
The influence of cropland ecosystems on land–
atmosphere interactions and ABL dynamics has been
evaluated in a number ofmodeling studies. Among others,
Tsvetsinskaya et al. (2001) found that replacing a generic
crop formulationwith themore realistic representation of
corn from a crop model leads to improvements in the
simulated leaf area index over the central Great Plains
region of North America. These improvements generate
differences in the simulated turbulent heat fluxes, which
lead to changes in temperature, humidity, winds, and
precipitation. McPherson and Stensrud (2005) evaluated
the effect of replacing tallgrass prairie with winter wheat
on the evolution of the ABL in the Great Plains (Okla-
homa). Here, the increased values of latent heat and at-
mospheric moisture near the surface resulting from the
growing crop ultimately lead to a shallower ABL. Levis
et al. (2012) quantified the effect of an explicit repre-
sentation of planting and harvesting activities in the
simulated land surface energy fluxes over the midwestern
North America. The resulting modifications in the heat
fluxes produce changes in the precipitation that agree
better with observations. While these studies provided
many useful insights on the effects of common features of
cropland ecosystems (e.g., crop-specific phenology, rota-
tion, and management activities) on large regional-scale
processes, there have been few studies that assessed the
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extent to which a more accurate physiological charac-
terization of diverse crop species could affect the mod-
eling of land–atmosphere interactions.
The objective of this study is to examine the impact
of crop-specific physiological parameterizations on the
partitioning of the simulated land surface energy fluxes,
and to assess the resulting influence on the estimation
of the heat and moisture budgets of the ABL. The
underlying hypothesis is that the large uncertainty
usually associated with generic biome parameteriza-
tions could explain land surface model deficiencies in
reproducing point measurements of energy and CO2
fluxes. In this context, a new set of parameters that
account for the physiological diversity of two crops—
sugar beet and winter wheat—is included in the land
surface component (CLM3.5) of the Terrestrial Systems
Modeling Platform (TerrSysMP) recently presented by
Shrestha et al. (2014). These new parameters are based
on comprehensive field measurements of photosynthesis
characteristics, gas exchange, nutrient balances, and op-
tical properties of the two plants. The performance of the
model with this set of model parameters is evaluated
using energy and CO2 fluxes from eddy covariance
measurements conducted during several years at three
sites located in North Rhine–Westphalia, Germany. In
addition, the impact of this more detailed representation
of vegetation characteristics on the modeling of land
surface–atmosphere interactions is evaluated by de-
signing a set of coupled numerical experiments. The
simulations consist of 48-h semi-idealized hindcast runs
over the region, where a generic crop plant functional type
is replaced with the region-specific sugar beet and winter
wheat parameterizations.
2. Materials and methods
a. Field sites and observations
The three field sites selected in this study (Merken,
508500N, 68230E; Selhausen, 508520N, 68260E; and
Merzenhausen, 508550N, 68170E) are located in the west-
ern part ofGermany near theBelgian border (Fig. 1). The
study area is situated in the southern part of the lower
Rhine embayment within the Rur catchment. The
dominant land-use types are forest, grassland, and
cropland, with cereals (e.g., winter wheat) and sugar
beet the main cultivated crops. The regional climate
can be characterized as temperate maritime with
a mean annual temperature of 9.98C and precipitation
of 698mm (1961–2008, German weather service station
Jülich, Stat-ID 2474). The soil is classified as a clay loam
(IUSS 2006) with the underlying Quaternary sediments
originating mostly from fluvial deposits from the
Rhine–Meuse and the Rur river systems.
Sugar beet (Beta vulgaris; variety Lucata) was grown
inMerken (2009) and Selhausen (2011), andwinter wheat
(Triticum aestivum; variety Raspail) was grown in
Merzenhausen (2012) andSelhausen (2013).Winterwheat
is sown in autumn, vernalizes (i.e., prolonged exposure to
low temperatures) during winter, rapidly develops its leaf
area during spring, and reaches peak transpiration rates
during anthesis (i.e., opening of the flower) in early sum-
mer.During this time, the crop is particularly susceptible to
water stress; transpiration decreases rapidly, however, with
progressing senescence. At the field site, winter wheat is
commonly harvested in July. Sugar beet is sown in spring,
rapidly develops its full leaf area toward summer, and then
maintains the leaf area until harvest in late autumn.
FIG. 1. (top) Topographic and (bottom) land-use map of the
study area showing the location of the threemeasurement sites. For
the land-use map, the dominant vegetation classes are needleleaf
evergreen tree (NET), needleleaf deciduous tree (NDT), broadleaf
evergreen tree (BET), broadleaf deciduous tree (BDT), broadleaf
deciduous shrub (BDS), grassland (GRASS), crop (CROP), and
barren soil (BARE).
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Latent heat, sensible heat, and net ecosystem ex-
change were continuouslymonitored with eddy covariance
systems. Wind speed and air temperature were measured
with an ultrasonic anemometer (CSAT3; Campbell Sci-
entific, Inc., Logan, Utah). Measurements of water vapor
and carbon dioxide were carried out using an open-path
infrared gas analyzer (LI7500; LI-COR, Inc., Lincoln,
Nebraska). Measurements were taken with a sampling
rate of 20Hz and collected as raw time series using a high-
performance datalogger (CR5000; Campbell Scientific,
Inc.). Fluxes of latent heat, sensible heat, and net eco-
system exchange were estimated from the covariances
between the measured 30-min-long high-frequency time
series of the vertical wind speed and water vapor content,
temperature, and CO2, respectively, by Reynolds aver-
aging (Reynolds 1894). Additional information (e.g., on
quality control, uncertainty assessment, and comparison
with other measurement techniques) of the eddy co-
variancemeasurements used in this study can be found in
Graf et al. (2013) and Mauder et al. (2013).
The net ecosystem exchange (NEE) measurements
available at the selected sites were partitioned into gross
primary production (GPP) and ecosystem respiration
Reco. This flux partitioning was performed using the
Lloyd-and-Taylor model (Lloyd and Taylor 1994) to
calculate time series of Reco and estimating GPP as a
residual:
Reco(Tair)5Reco,refe
E
0
[1/(T
ref
2T
0
)21/(T
air
2T
0
)] and (1)
GPP5NEE2Reco , (2)
where Reco,ref (mmolm
22 s21) is the respiration at refer-
ence temperatureTref (K);E0 (K) is the activation energy;
and T0 (K) and Tair (K) are the base and air temperature,
respectively. To avoid overparameterization, T0 was kept
constant at 227.13K (Richardson andHollinger 2005) and
Tref was set to 283.15K (Lloyd and Taylor 1994). Values
of Reco,ref and E0 were estimated by fitting Eq. (1) over
nighttime to Reco versus air temperature using the least
squares method.
b. Plant physiological parameterizations
The plant physiological parameters of the sugar beet
and winter wheat specific crop types are summarized in
Table 1. The values of these parameters result from a
synthesis of several field measurement campaigns [for an
overview, see Schickling et al. (2010)] carried out at sev-
eral sites located in the agricultural region around Jülich,
Germany, between 2008 and 2013. The list of parameters
is grouped into three main classes, which characterize the
photosynthesis, optical, and aerodynamic properties of
the two crop types. The values for the standard generic C3
crop type parameterization of CLM3.5 are also shown for
comparison (ctrl crop). The root distribution parameters
were kept unchanged from the control configuration be-
cause of the lack of detailed in situ information.
Parameters needed for solving the photosynthesis equa-
tions were based on leaf-level photosynthesis measure-
ments carried out with a standard open-path gas-exchange
system equipped with blue and red light sources for
controlling impinging photosynthetically active radia-
tion (Model LI6400 XT; LI-COR, Inc.). Maximum rates
of carboxylation at 258C Vcmax25 for both crops were
derived frommeasured photosynthetic rate responses to
automatically controlled CO2 levels in the leaf cuvette,
which was kept at a constant temperature of 258C.
Photosynthetically active radiation was set to 1000 and
1800mmolm22 s21 during each measurement, which
corresponds to light saturation condition for sugar beet
and winter wheat, respectively. The value of Vcmax25 is
internally calculated by the model as described by
Thornton and Zimmermann (2007), the values in Table 1
are thus reported for the completeness of the conducted
measurements. The slope of conductance-to-photosynthesis
relationship mp was determined by regressing measured
stomatal conductances against the corresponding mea-
sured Ball–Woodrow–Berry indices (Ball et al. 1987).
The CO2 assimilation rates, relative humidity, and CO2
mole fractions at the leaf surfaces were measured for
several daily cycles and averaged over the main growing
periods of the sugar beet and winter wheat crops. The
quantum efficiency qe25 was determined from light re-
sponse curves established at 258C leaf surface tempera-
ture. Specific leaf areas at the top of the sugar beet and
winter wheat canopies slatop were estimated based on
information from the literature (Wullschleger 1993). The
ratio between specific leaf area and leaf area index
dSLA: dLAI, which is used to calculate the specific sunlit
and shaded projected leaf area index, was set to zero for
sugar beet and winter wheat as in the case for the control
crop. Leaf samples for carbon and nitrogen content
analysis were taken at biweekly intervals, oven dried
at 658C temperature, ground (Model MM400; Retsch
GmbH, Haun, Germany), and then processed with a CN
analyzer (Elementaranalysator Euro EA; HEKAtech,
Wegburg, Germany). The resulting leafC:N parameter
values were averaged over the main growing periods.
Sugar beet and winter wheat fractions of leaf nitrogen in
the Rubisco enzyme flNR were set to 0.15 (Raab and
Norman 1994) and 0.3 (Lawlor 2002), respectively.
Values for soil water potentials at stomatal opening
smpso and closure smpsc were estimated referring to
Wesseling et al. (1991). The value of smpso for sugar beet
varies between 23200 and 26000mm, depending on
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transpiration rate (5mmday21 for the 23200mm and
1mmday21 for 26000mm), and smpsc is equal to
2165 000mm. The value of smpso for winter wheat
varies between 25000 and 29000mm, depending on
transpiration rate (5mmday21 for the 25000mm and
1mmday21 for 29000mm), and smpsc is set to
2160 000mm. The foliage nitrogen limiting factor re-
mained unchanged and was set to 0.61 for both crops.
Optical properties of sugar beet and winter wheat
were measured with a spectroradiometer (Field Spec
Pro; ASD, Inc., Boulder, Colorado) coupled with the
FluoWat leaf clip; methods are described in Van
Wittenberghe et al. (2013). The resulting reflectance and
transmittance values for the visible and near-infraredwave
bands are given in Table 1. Roughness lengths for mo-
mentum transfer z0mr and displacement heights displar
were set to 0.12 and 0.68, as frequently reported for agri-
cultural crops (Monteith and Unsworth 2013). Charac-
teristic dimensions of fully expanded sugar beet and
winter wheat leaves dleaf were measured at different
field locations with a caliper and measuring tape.
c. Integrated Terrestrial Systems Modeling Platform
TerrSysMP is a modular Terrestrial Systems Model-
ing Platform (Shrestha et al. 2014) that comprises
the Consortium for Small-Scale Modeling (COSMO)
numerical weather prediction model in a convection-
permitting configuration (COSMO-DE; Baldauf et al.
2011), the CLM3.5 (Oleson et al. 2008), and the 3D var-
iably saturated groundwater and surface water flow code
ParFlow (Jones andWoodward 2001; Kollet and Maxwell
2006). The external coupler Ocean Atmosphere Sea Ice
Soil, version 3 (OASIS3; Valcke 2013), is used to drive
TerrSysMP and control the exchange of fluxes between
each component model. The modeling platform can be
configured to run with different combinations of compo-
nent models: COSMO coupled with CLM3.5, CLM3.5
coupled with ParFlow (using offline atmospheric forcing),
and the fully coupled system (COSMO–CLM3.5–ParFlow).
Additionally, each model can be compiled and exe-
cuted as a stand-alone independent model within
TerrSysMP. The simulation results presented in this
study were obtained running the stand-alone land sur-
face component (CLM3.5) and the coupled atmosphere
and land surface components (COSMO–CLM3.5); de-
tails about these two configurations are outlined in the
following paragraph.
In TerrSysMP, the atmospheric forcing terms and the
land surface fluxes are exchanged sequentially. The at-
mospheric state of COSMO at its lowest level and cur-
rent time step (i.e., air temperature, wind speed, specific
humidity, convective and grid-scale precipitation, pres-
sure, incoming shortwave and longwave radiation, andT
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measurement height) forces CLM3.5, which in turn
computes and sends back to COSMO the surface energy
fluxes, momentum fluxes, albedo, and outgoing long-
wave radiation in an operator splitting approach. The
dimensionless surface transfer coefficients of COSMO
are subsequently updated with these fluxes, and the
vertical gradients at the bottom level are calculated us-
ing the surface temperature from the previous time step.
The new surface temperature and surface humidity are
estimated based on the outgoing longwave radiation and
latent heat flux, respectively. The computed direct and
diffuse albedos and the outgoing longwave radiation are
sent from CLM3.5 to COSMO as lower boundary con-
ditions for the radiative transfer calculation. The ex-
change of fluxes can be performed by adopting different
spatial and temporal resolutions for each independent
component model by using time integration/averaging
and spatial interpolation operators. These features,
which include the downscaling of atmospheric state
variables near the surface in response to land surface
heterogeneity by Schomburg et al. (2010, 2012), allow
for a scale-consistent coupling in the soil–vegetation–
atmosphere continuum.
3. Results and discussion
a. Validation of plant-specific parameterizations
1) MODEL SETUP
Numerical simulations were performed with the land
surface component of TerrSysMP (CLM3.5) using the
crop-specific physiological parameterizations determined
at the three measurement sites (Merken, Selhausen, and
Merzenhausen). The runs were carried out at each test site
using 2.8-km-resolution COSMO-DE reanalysis data (in-
coming shortwave and longwave radiation, temperature,
precipitation, wind speed, pressure, and humidity) at an
hourly time step over multiple years, namely, 2009, 2011,
2012, and 2013. The simulationswere run at 1-h integration
time steps with model results dumped at the same time
frequency. Monthly leaf area index (LAI) was estimated
by conducting a phenology study from 2002 to 2011 using
the cloud-screened Moderate Resolution Imaging Spec-
troradiometer (MODIS, MCD15A2 product) 8-day com-
posite from the Aqua and Terra satellites (Shrestha et al.
2014). Comparison between the estimated LAI values and
occasional on-site measurements reveals a slight un-
derestimation of the estimated leaf coverage in the post-
processed MODIS data. In the case of winter wheat, for
instance, the LAI estimated for April is about 1.75; the
corresponding sparse measurements give an averaged
value of about 2.2. In the case of sugar beet, the estimated
value for August is about 2.5, whereas the measurements
indicate an LAI value around 3.3. The stem area index
(SAI) was assessed based on LAI following Zeng et al.
(2002) and Sellers et al. (1996). Information retrieved from
the Food and Agriculture Organization of the United
Nations Educational, Scientific and Cultural Organization
(FAO-UNESCO) database (IUSS 2006) resulted in a soil
texture composed of 35% clay and 35% loam. Soil color
classification was adopted from information used in the
operational version of the COSMO-DE model.
Twomodel configurations (ctrl crop vs sugar beet and/
or ctrl crop vs winter wheat) were compared at each
measurement station. Simulations were carried out
during crop-specific growing seasons with sufficient ob-
served data coverage. According to these constraints the
following time periods were identified: in Merken, we
selected the period from May to August 2009 for sugar
beet; in Selhausen, from June to September 2011 for
sugar beet; and in both Merzenhausen and Selhausen,
from February to June for the years 2012 and 2013 for
winter wheat. Finally, soil moisture and soil temperature
of each model configuration were initialized by per-
forming spinup runs, with CLM3.5 driven by reanalysis
data and repeatedly reinitialized until dynamic equilib-
rium condition was reached.
2) COMPARISON OF SIMULATED ENERGY FLUXES
The performance of the different parameter sets in
reproducing hourly latent and sensible heat were sum-
marized using Taylor diagrams (Taylor 2001), which
allow the simultaneous visualization of multiple statis-
tical parameters (correlation, normalized standard de-
viation, and centered root-mean-square difference)
between simulated and observed fluxes. Figure 2 shows
the comparison between the ctrl crop and sugar beet
plant functional type for the Merken and Selhausen
(2011) measurement sites. The new parameter set (sugar
beet) leads to a better agreement with observed values,
with significant improvements in reproducing the ampli-
tude of observed fluxes (normalized standard deviation
ss/so), and to a lesser extent, in reducing the centered
root-mean-square difference. This is visible in the Taylor
diagram by the positions of the points representing the
sugar beet crop functional type in relation to the refer-
ence line (ss/so 5 1); the sugar beet points are closer to
this reference line than the ctrl crop points. At the
Merken site, for instance, the normalized standard de-
viation of the sensible heat changed from 2.0 (ctrl crop) to
0.75 (sugar beet), and from 0.5 (ctrl crop) to nearly 1.0
(sugar beet) for the latent heat. Correspondingly, at the
Selhausen site, the normalized standard deviation of the
latent heat increased from 0.5 (ctrl crop) to 0.8 (sugar
beet) and decreased from 1.25 (ctrl crop) to 0.5 (sugar
beet) for the sensible heat. In terms of phase, the results
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with the new parameters match well with the observa-
tions, with good correlations r for latent heat (r 5 0.86
and r5 0.87 forMerken and Selhausen, respectively) and
sensible heat (r 5 0.70 and r 5 0.71) that passed a Stu-
dent’s t test at the 95% confidence level. Similar im-
provements were noted for the winter wheat plant
functional type at the Merzenhausen site (Fig. 3), where
the normalized standard deviation of the latent and sen-
sible heat fluxes improved by 25% and 75%, respectively,
compared to ctrl crop. At the Selhausen site (2013),
however, the improvement in the amplitude (50%) of the
simulated latent heat flux was achieved along with an
apparent deterioration (20%) of the simulated sensible
heat. This is mainly an effect of the systematic un-
derestimation of sensible heat flux during nighttime.
Again, enhancements in the amplitude of the fluxes were
obtained without degrading the phase of the simulated
fluxes as indicated by the nearly unchanged correlation
coefficients.
Despite improvements in the simulation of the energy
fluxes, the new crop functional types still indicate some
discrepancies with respect to the observed values related
FIG. 2. Statistics of the hourly sensible and latent flux from the
ctrl crop (circles) and sugar beet (triangles) for (top) Merken and
(bottom) Selhausen measurement sites. The radial distance from
the origin to the numbers is the std dev of the simulated hourly flux
normalized by the std dev of the observations (ss/so), with the
REF line representing the observations. The azimuthal position of
the numbers is the linear correlation between simulated and ob-
served hourly flux.
FIG. 3. Statistics of the hourly sensible and latent flux from the ctrl
crop (circles) and winter wheat (triangles) for (top) Merzenhausen
and (bottom) Selhausen measurement sites.
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to the components of the energy budget as simulated by
the standard and new crop-specific parameter sets. To
explain these discrepancies, we calculated the monthly
averaged diurnal cycle of the radiation forcing terms,
and the latent and sensible heat responses. Figure 4
shows the diurnal composites for June 2011 at the
Selhausen site (sugar beet field) when eddy covariance
and meteorological observations were both available.
This analysis suggests an overestimation of the net radi-
ation for both (standard and specific) crop configurations,
possibly resulting from an underestimation of the albedo
in combinationwith an overestimation (cloudiness effect)
of incoming solar radiation in the coarse-resolution
(2.8km) reanalysis data used to force the land surface
model. The net longwave radiation also exhibits a larger
diurnal variation in the simulations. These discrepancies
are slightly less when using the new crop-specific
parameter set. It is important to note that errors in both
radiation components tend to partially cancel each other,
with the result that bothmodel configurations capture the
averaged diurnal variation of the net radiation term
reasonably well. The influence of adopting an improved
crop parameterization appears clearer in the analysis of
the partitioning of net radiation into latent and sensible
heat fluxes. Indeed, as illustrated in Fig. 4, the sugar beet
plant functional type notably improves the magnitude of
the simulated fluxes in favor of a higher latent heat flux
and a lower sensible heat flux, which translates into more
realistic (i.e., closer to observations) surface energy par-
titioning (evident from the Bowen ratio) for the new
crop-specific parameter sets. The slight underestimation
of the latent heat flux, shown also in Fig. 2 for the whole
simulation period, could be explained by the lower LAI
values estimated using the MODIS data as discussed in
FIG. 4. Observed and simulated monthly averaged diurnal cycle of net shortwave (upper lines) and longwave
(lower lines) (top left) radiation, (top right) latent heat, (bottom left) sensible heat, and (bottom right) Bowen ratio at
the Selhausen site (June 2011).
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section 3a(1). Note also that in the case of the sugar beet
plant functional type, the difference between daytime
observed and simulated surface energy fluxes (the sum of
latent and sensible heat; LE1H) is about 12%, which is
in the error range usually associatedwith eddy covariance
measurements (Mauder et al. 2013). This discrepancy
increases during the night when this technique is less re-
liable (Wilson et al. 2002).
The analysis of the monthly averaged energy budget
components was also performed at the Selhausen mea-
surement site (2013) for the winter wheat plant func-
tional type. Again, the plant-specific parameter set
results in a better agreement with the observations in
terms of magnitude and partitioning of the energy fluxes
at the land surface. This is shown in Fig. 5 using May
2013 as a representative month. In this comparison, for
instance, the percent difference between simulated
fluxes using the generic and crop-specific parameter sets
is around 40%, the latter being closer to the observa-
tions. Some discrepancies, however, are still apparent in
the different energy balance components, especially in
the radiative components and in the sensible heat flux. It
appears, indeed, that both model simulations (for ge-
neric and specific crop configurations) tend to over-
estimate the surface soil temperature, which is the
reason for higher upward longwave radiation and
higher sensible heat flux simulated during daytime
compared to the observations. At nighttime, on the
contrary, the higher values of simulated soil tempera-
ture cause a lower soil–atmosphere temperature gra-
dient that in turn reduces the sensible heat flux. Finally,
it is interesting to note that simulation results using the
sugar beet and winter wheat parameter sets are closer
than the results from each of them compared to those
FIG. 5. Observed and simulated monthly averaged diurnal cycle of net shortwave (upper lines) and longwave
(lower lines) (top left) radiation, (top right) latent heat, (bottom left) sensible heat, and (bottom right) Bowen ratio at
the Selhausen site (May 2013).
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obtained from the generic crop set. Because of data
scarcity and crop rotation, this analysis was performed
at the Selhausen and Merzenhausen field sites for June
2011. The observations and the simulated values (not
shown here for the sake of brevity) show a 10% dif-
ference in the Bowen ratio between the winter wheat
and sugar beet crops, with the latter experiencing
slightly higher moisture fluxes. Further insights about
the contrasting response of the two specific plant
functional types on a daily time scale are outlined in
section 3b(2).
3) COMPARISON OF SIMULATED CARBON FLUXES
Simulated fluxes were significantly improved by in-
troducing a specific plant physiological parameterization
(Figs. 2 and 3). Because latent heat and photosynthetic
carbon uptake are constrained reciprocally, a complete
validation of the proposed parameterizations also in-
volves comparison between simulated and observed
carbon fluxes. Figure 6 shows the monthly averaged
values of gross primary production obtained from the
flux partitioning described in section 2a for both the
sugar beet (June 2011) and winter wheat (May 2013)
crop at the Selhausen site. The analysis shows a signifi-
cant increase in the simulated GPP for the two specific
parameterizations, with a maximum diurnal cycle dif-
ference on the order of 25mmolm22 s21. This increase
ultimately led to GPP overestimations of 6mmolm22 s21
and underestimations of 8mmolm22 s21 for the sugar beet
and winter wheat crops, respectively. The close match in
the simulated carbon fluxes clearly suggests that the
enhanced model performance largely stems from an
improved quantification of the photosynthesis process in
the two specific crops, which is directly linked to the
transpiration fluxes of the plant via the leaf stomatal
resistance. It is also important to note that the relative
ratio of maximum values of photosynthesis between the
generic and specific crop parameterizations tends to be
dampened in the maximum values of latent heat flux,
shown in Figs. 4 and 5. This is mainly due to the gentler
slope in the conductance-to-photosynthesis relationship
mp, shown in Table 1 in the case of crop-specific pa-
rameterizations. This parameter is usually constant for
all crop types (e.g., 9 in CLM3.5 and updated versions);
however, experimental observations conducted in the
study area showed a wide range of values between the
analyzed crop species (e.g., 1.96–10.83 for sugar beet,
1.29–8.67 for winter wheat). This variability and the
strongmodel sensitivity tomp (Prihodko et al. 2008;Göhler
et al. 2013) emphasize the importance of implementing
specific physiological characterizations for diverse crop
species to accurately model heat and matter fluxes.
Note also that the sugar beet plant functional type
underestimates latent heat and overestimates photo-
synthesis fluxes. This opposite offset with respect to the
measurements is probably related to estimation of daytime
values of ecosystem respiration fluxes using air tempera-
ture instead of soil temperature.
An interpretation of these drastic improvements in
the GPP requires an understanding of the model struc-
ture and its parameterization. In TerrSysMP (CLM3.5),
photosynthesis is computed using a biogeochemical
FIG. 6. Observed and simulated monthly averaged GPP diurnal
cycle of (top) sugar beet in June 2011 and (bottom) winter wheat in
May 2013 at the Selhausen site.
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approach (Sellers et al. 1996). It considers the stoi-
chiometry of the leaf photosynthetic thylakoid elec-
tron transport, carbon reduction and oxidation cycles
(von Caemmerer 2000), and scaling of the corre-
sponding leaf-level photosynthesis model to the can-
opy by separately integrating its sunlit and shaded leaf
fractions. In this approach, the photosynthetic rate
limited by the Rubisco enzyme Vcmax is calculated
using the model of Thornton and Zimmermann (2007)
in which the area-based leaf nitrogen content is cal-
culated from the leaf carbon to nitrogen ratio and the
specific leaf area at the canopy top. Note here the
notable difference in Table 1, especially for winter
wheat, between the nitrogen concentration at the tis-
sue level extracted from multiple measurements dur-
ing the crop growing season and the value prescribed
in the generic crop formulation. This difference is
probably related to the fertilization activities in the
crop fields that are not accounted for in the model
parameterization. The strong control exhibited by
leafC:N has been demonstrated by White et al. (2000)
in a factorial sensitivity analysis using a dynamic
ecosystem model. In our work, this strong sensitivity
was confirmed by implementing a much simpler one-
factor-at-a-time approach, which showed a sub-
stantial increase of GPP with a decreasing leafC:N.
The value of Vcmax is subsequently calculated by
multiplying the area-based nitrogen content with the
fraction of nitrogen in Rubisco, the mass ratio of total
Rubisco molecular mass to nitrogen in Rubisco (set
equal to 7.16), the specific activity of Rubisco, and ac-
counting for temperature effects on metabolic pro-
cesses and soil water limitation. As discussed in section
2b, the fraction of leaf nitrogen in Rubisco was derived
from literature values, and the values, especially for
winter wheat, are much different than those prescribed
in the standard version of the land surface component
CLM3.5 in TerrSysMP. The resulting Vcmax25 values
show notable differences between the generic ctrl crop
[21 (mmolCO2)m
22 s21] and the specific sugar beet [196
(mmolCO2)m
22 s21] and winter wheat [190 (mmolCO2)
m22 s21] configurations. This large variability and its
substantial effect on the improvement of simulated GPP
(Bonan et al. 2011) suggest, as demonstrated also in
previous investigations (Kattge et al. 2009; Chen et al.
2011) conducted by performing sensitivity and un-
certainty analyses, that the usefulness of the proposed
parameterization is based on a better representation of
the vegetation nitrogen and catalytic effect of Rubisco on
plant CO2 uptake. Recent studies have also shown that
these values are even cultivar specific (White 2009),
highlighting the need for further improvements in land
surface model parameterizations.
b. Impact of plant-specific parameterizations on
land–atmosphere interactions
1) EXPERIMENT DESIGN
The influence of crop-specific physiological properties
on land–atmosphere interactions was assessed by per-
forming a series of numerical experiments over a geo-
graphical domain of 150 km3 150 km encompassing the
North Rhine–Westphalia region, located in western
Germany, Belgium, the Netherlands, and Luxembourg
(Fig. 1). The experiments were carried out over a se-
lected period of two consecutive clear-sky days (1–2
June 2011) using the coupled atmosphere–land surface
(COSMO–CLM3.5) component of TerrSysMP. The at-
mospheric component uses a constant lateral spatial
resolution of about 1 km and a variable vertical dis-
cretization into 50 levels gradually coarsening from the
bottom (20m) to the top (22 000m). Land surface fea-
tures were resolved with a higher horizontal resolution
of 500m in order to better represent the heterogeneous
land-use information from the MODIS data (Shrestha
et al. 2014). Bilinear (from the atmosphere to the land
surface) and distance weighted (from the land surface to
the atmosphere) interpolation methods were used to
exchange fluxes and state variables between both model
components. Time steps of 10 and 900 s were used for
the atmospheric and land surface components, re-
spectively, along with a coupling frequency of 900 s,
which matches the frequency of radiation updates in the
atmospheric model component. Atmospheric variables
are averaged over this time period and sent to the land
surface model. Initial and lateral boundary conditions
for the atmospheric model were obtained from the op-
erational weather forecast model COSMO-DE of the
GermanMeteorological Service [DeutscherWetterdienst
(DWD)]. Initial soil moisture and soil temperature were
obtained from spinup runs with the stand-alone land
surface component (CLM3.5) of TerrSysMP, driven with
reanalysis data and repeatedly reinitialized until dynamic
equilibrium condition was reached. Three semi-idealized
numerical experiments were performed by replacing the
generic crop type (Fig. 1), which occupies 35% of the
domain, with the sugar beet and winter wheat specific
plant functional types.
2) MOISTURE AND HEAT BUDGETS OF THE
ATMOSPHERIC BOUNDARY LAYER
Weassessed the contrasting response of theABL to the
generic (ctrl crop) and specific (sugar beet and winter
wheat) plant functional types using the concept of vector
representation of the ABL heat and moisture budgets in
the form of mixing diagrams (Betts 1992; Santanello et al.
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2009). In this approach the diurnal coevolution of 2-m
humidity q and potential temperature u plotted as a 2D
surface flux vector in the Lq–Cpu plane are used to di-
agnose conditions and processes at the land surface and
the top of the ABL, where L is the latent heat of vapor-
ization and Cp is the specific heat. Specifically, the com-
ponents (i.e., LDq and CpDu) of the surface flux vector
are calculated integrating the latent and sensible heat
over a diurnal interval, and calculating the average height
of the ABL over the same time period. The contributions
from the top of the boundary layer (i.e., the components
of the entrainment flux vector) are estimated as a residual
from the last state of temperature and humidity over the
same time interval. Having derived the surface and the
entrainment vectors (i.e., their components for sensible
and latent heat), the relative contributions of bottom and
top boundaries in the heat and moisture budgets can be
quantified by a set of indices (bsfc5Hsfc/LEsfc, bent5
Hent/LEent, AH 5Hent/Hsfc, and ALE5LEent/LEsfc).
These define the partitioning between latent and sensible
heat b at the surface sfc and the entrainment ent in-
terface, and the proportion of sensible and latent heat
input A to the ABL from the two interfaces. For addi-
tional details about the graphical representation of the
approach, the reader is referred to Santanello et al. (2009,
2011).
The observed and simulated diurnal coevolution of
Lq and Cpu on 2 June 2011, at the winter wheat
(Merzenhausen) and sugar beet (Selhausen) measure-
ment stations (Fig. 7) generally agreewell at both sites. In
particular for the winter wheat field the model nicely
reproduces the decrease of q early in the afternoon due to
dry air entrainment followed by an increase when the
boundary layer growth ceases. A closer examination also
reveals that the larger simulated amplitude in the mois-
ture variations for the crop-specific parameter sets im-
proves the match with the observed patterns. These
diagrams also reveal a lower dynamic range and higher
values of Cpu (especially early in the morning) repro-
duced by the simulations (generic and specific crop
parameterizations) with respect to the corresponding
values measured at both sites. This is due to increased
sensible heat caused by higher simulated soil temperature
that tends to warm the lowest atmospheric level.
We further evaluate the effects of the different pa-
rameter sets on the energy partitioning indices defined
above. As expected, at the Merzenhausen site (winter
wheat), the computed surface and entrainment Bowen
ratios confirm higher moistening of the boundary layer
from the surface when using the crop-specific parameter
set compared to the control set (bsfc,ctrl 5 0:73 and
bsfc,ww 5 0:20) along with smaller variations between the
two configurations in the ratio of dry air to heat being
entrained (bent,ctrl 5 0:98 and bent,ww 5 0:89). The differ-
ences in land surface energy partitioning impact also the
entrainment ratios (AHctrl 5 2:21, AHww 5 5:01, ALEctrl 5
21:64, and ALEww 5 21:13), with a larger AH for the
crop-specific parameter set indicating the increased control
of entrainment heat fluxes over the surfacefluxes.Note also
that, for the case ofwinterwheat,ALE tends to21.0, that is,
a closer balance between the surface and the entrainment
moisture fluxes. The lower surface sensible heat simulated
FIG. 7. Diurnal coevolution (0400–1600 UTC) of Lq and Cpu on
2 Jun 2011 at the (top) Merzenhausen and (bottom) Selhausen site
as observed (black line) and simulated [red line, ctrl crop; blue line,
winter wheat in (top) and sugar beet in (bottom)]. The dashed lines
indicate the surface (Vsfc) and entrainment vectors (Vent), with the
dash–dotted lines representing the heat (i.e., CpDu) and moisture
(i.e., LDq) component.
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by the winter wheat parameter set results in a shallower
ABL (by 100–350m), compared to the control crop con-
figuration. Figure 8 shows a snapshot of the spatial distri-
bution of the ABL height differences inside the domain
depicted in Fig. 1, which clearly follows the distribution of
the land-use classes with maximum values located in the
northern part dominated by crops.
A similar response was found at the Selhausen site
(sugar beet) in terms of Bowen (bsfc,ctrl 5 0:77, bsfc,sb5
0:18, bent,ctrl 5 0:89, and bent,sb 5 0:82) and entrain-
ment ratios (AHctrl5 2:03,AHsb5 6:24,ALEctrl521:77, and
ALEsb521:35). Compared to the winter wheat, the sim-
ulations with control and crop-specific parameter sets have
larger differences (;10%) in surface energy partitioning,
with the sugar beet plant functional type leading to higher
latent heat fluxeswith respect to the ctrl crop.Accordingly,
the top fluxes contribute more to the heat budget of the
ABL. Differences between model-calculated heights of
the ABL reach a maximum of about 300m, with the
sugar beet configuration simulating a shallower vertical
extent. The spatial distributions of these differences are
very similar to the ones shown for winter wheat and thus
are not displayed here.
To further explore the influence of crop physiological
properties on the ABL evolution, we analyzed the spatial
distribution of potential temperature along the transect
depicted in Fig. 1. The differences (ctrl crop–winter wheat
and ctrl crop–sugar beet) along the south–north cross
section are displayed in Fig. 9. The discontinuities in the
atmosphere nicely align with the heterogeneity in land
use along the transect, with a moister and cooler ABL
simulated by the crop-specific parameter sets. Subtle
but significant differences exist between the results of
the two crop-specific parameter sets. At the latitude
range 508400–508650N, the higher latent heat flux sim-
ulated by the winter wheat configuration leads overall
to a cooler ABL and a warmer entrainment zone. The
inverse situation can be found further to the north
(508800–518050N), where the effect of higher moisture
fluxes simulated by the sugar beet configuration result in
a slightly cooler ABL and warmer entrainment zone.
The opposite crop response is due to different soil con-
ditions in that region, and point out the complex non-
linear interactions of plant physiological properties
within the soil–vegetation–atmospheric continuum.
FIG. 8. ABL height difference between ctrl crop and winter
wheat. The positive values indicate that ABL heights were lower
for the winter wheat than the ctrl crop run. The snapshot was ob-
tained at 1000 UTC 2 Jun 2011.
FIG. 9. South–north cross section depicted in Fig. 1 of the po-
tential temperature difference between (top) ctrl crop and winter
wheat and (bottom) crtl crop and sugar beet configurations. The
cross sections were obtained at 1300 UTC 2 Jun 2011.
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4. Summary and conclusions
This study investigated the influence of crop-specific
physiological properties on the partitioning of land
surface energy fluxes, and on the resulting modifications
in the heat and moisture budgets of the ABL. To this
aim, a set of physiological parameters describing the
photosynthesis, optical, and aerodynamic properties of
two crops, sugar beet and winter wheat, were retrieved
from measurement campaigns carried out in an agri-
cultural district of the North Rhine–Westphalia region
of Germany. The crop-specific parameters were in-
cluded in the biophysical component of a Terrestrial
Systems Modeling Platform (TerrSysMP). Simulation
runs were conducted to validate this new set of param-
eters against eddy covariance (sensible heat, latent heat,
and CO2) measurements, and to evaluate the improve-
ments with respect to a generic crop parameterization.
In addition, a set of atmosphere–land surface coupled
numerical experiments were performed to assess the
impact of this detailed plant characterization on the
modeling of land–atmosphere interactions. These semi-
idealized runs were designed by replacing the generic
crop land use with the sugar beet and winter wheat pa-
rameterization over the North Rhine–Westphalia do-
main of Germany.
For the investigated region, the results show signifi-
cant improvements in the simulated land surface heat
and water fluxes when the generic CLM3.5 crop type is
replaced by crop-specific physiological parameter sets.
Simulations with parameter sets specific for sugar beet
and winter wheat result in higher latent heat and lower
sensible heat fluxes compared to the generic crop, which
also better match with local eddy covariance measure-
ments. An analysis of the diurnal energy cycle also re-
veals that despite some mismatch in the net radiation
due to uncertainties in the atmospheric forcing term and
the soil parameterization, the specific physiological
properties of the plants reproduce well the observed
diurnal partitioning between sensible and latent heat.
These enhancements are corroborated by a comparison
between simulated and observed carbon fluxes (GPP);
here also the sugar beet and winter wheat parameter sets
reproduce significantly higher CO2 plant uptake than
the generic crop in accordance with the observations. The
latter result identifies the parameters controlling the
Rubisco enzyme kinematics, and hence the photosynthesis
process, as the main cause for the improvements.
The simulations performed using the land surface–
atmosphere coupled components ofTerrSysMP(COSMO–
CLM3.5) reveal the influence of the adjusted physiological
parameterizations on the heat andmoisture budgets of the
ABL. A mixing-diagram approach quantifies the wetting
and cooling effect of the crop-specific parameter sets on
the ABL compared to the generic crop parameterization.
The resulting changes in the land surface energy parti-
tioning translate, especially in the case of sugar beet, into
a larger contribution of the entrainment zone to the heat
budget of theABLand to a shallowerABL.Results based
on idealized configurations of the real domain underscore
the importance of using crop-specific physiological prop-
erties for an improved modeling of land–atmosphere in-
teractions. High-resolution spatial information of diverse
crop species and associated physiological characteriza-
tions are therefore needed for an accurate simulation of
the ABL evolution.
The detailed characterization of the large variety of
crop species remains a great challenge for regional and
continental applications; thus more generalized biome
or plant functional type parameterizations are still used
extensively. Advanced statistical techniques (e.g., ad-
joint methods; Schwinger et al. 2010) and extended ob-
servational networks represent a prime approach to
infer optimal parameter combinations as well as to gain
insight into model parameter sensitivity, uncertainty,
and limitations. Advanced airborne sensors (e.g.,
HyPlant) in tandem with in situ measurements should be
exploited for the derivation of specific physiological
properties of the wide variety of crops. In this context, it
must be noted that these properties, also termed as phe-
notype characteristics (Fiorani and Schurr 2013), do not
remain constant both during a season and in between
years. Underlying mechanisms due to different genetics
have been understood for a while, but an integrated
quantification of their effects remains a paramount
challenge because of the extreme complexity of plant
metabolic networks (Humbert et al. 2013).Noise found in
the plant functional type parameters is partly caused by
this phenomenon. Another reason is the lack of stan-
dardization of measurement approaches, which makes
plant functional type values reported in the literature
hardly comparable. Initiatives like the Australian
PrometheusWiki (Sack et al. 2010) are commendable
efforts to alleviate this problem. The presented work is
part of a joint effort that seeks to incorporate detailed
crop information into an integrated terrestrial modeling
platform for a high-resolution representation of patterns
and structures in the soil–vegetation–atmosphere con-
tinuum (Simmer et al. 2015). This attempt will eventually
contribute to the community effort [e.g., Agricultural
Model Intercomparison and Improvement Project
(AgMIP)] for an improved understanding of cropland
ecosystem feedbacks to long-term climate simulations.
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